

[image: Long amplicons as a tool to identify variable regions of ribosomal RNA for improved taxonomic resolution and diagnostic assay design in microeukaryotes: using ascetosporea as a case study]
Long amplicons as a tool to identify variable regions of ribosomal RNA for improved taxonomic resolution and diagnostic assay design in microeukaryotes: using ascetosporea as a case study





ORIGINAL RESEARCH

published: 27 October 2023

doi: 10.3389/fevo.2023.1266151

[image: image2]


Long amplicons as a tool to identify variable regions of ribosomal RNA for improved taxonomic resolution and diagnostic assay design in microeukaryotes: using ascetosporea as a case study


Chantelle Hooper 1,2*, Georgia M. Ward 1, Rachel Foster 1,3,4, Ilze Skujina 5,6, Joseph E. Ironside 5, Cédric Berney 7 and David Bass 1,2


1 Centre for Environment, Fisheries and Aquaculture Science (Cefas), Weymouth Laboratory, Weymouth, United Kingdom, 2 Centre for Sustainable Aquaculture Futures, University of Exeter, Exeter, United Kingdom, 3 Department of Life Sciences, the Natural History Museum, London, United Kingdom, 4 School of Life Sciences and the Environment, Royal Holloway University of London, Egham, United Kingdom, 5 Department of Life Sciences, Aberystwyth University, Aberystwyth, United Kingdom, 6 University College Dublin, School of Biology and Environmental Science, O’Brien Centre, Science Centre West, Belfield, Ireland, 7 Centre National de la Recherche Scientifique (CNRS), Sorbonne Université, Station Biologique de Roscoff, Roscoff, France




Edited by: 

Michael Tessler, Medgar Evers College, United States

Reviewed by: 

Sally Warring, Earlham Institute (EI), United Kingdom

Michael Ginger, University of Huddersfield, United Kingdom

*Correspondence: 

Chantelle Hooper
 chantelle.hooper@cefas.gov.uk


Received: 24 July 2023

Accepted: 10 October 2023

Published: 27 October 2023

Citation:
Hooper C, Ward GM, Foster R, Skujina I, Ironside JE, Berney C and Bass D (2023) Long amplicons as a tool to identify variable regions of ribosomal RNA for improved taxonomic resolution and diagnostic assay design in microeukaryotes: using ascetosporea as a case study. Front. Ecol. Evol. 11:1266151. doi: 10.3389/fevo.2023.1266151






Introduction

There is no universally appropriate basis for delimiting species in protists, including parasites. Many molecular markers used for species delimitation are part of the ribosomal RNA (rRNA) array, with different regions of the array being used for different parasitic protist taxa. However, little is known about sequence variability across the rRNA in most organisms, and there is no standard threshold at which divergence in the sequence of a particular gene can be used as a basis for species delimitation. 





Methods

Here we demonstrate a method to generate the full rRNA array of parasitic protists by amplification of the array in two long, overlapping fragments followed by Illumina and Nanopore sequencing to produce high quality assemblies, to determine variations in sequence variability across the array. We apply this approach to two pairs of closely related ascetosporean parasites of crustaceans and molluscs [respectively Paramarteilia canceri/P. orchestiae and Marteilia cochillia/M. cocosarum (Rhizaria; Endomyxa; Ascetosporea)] and Bonamia ostreae and demonstrate how full-length rRNA sequences can be used to determine regions of the rRNA array that are most discriminatory, and robustly differentiate between species in combination with other lines of evidence. 





Results

Phylogenetic analyses of the transcribed regions of the rRNA array demonstrate maximal support for, and separation of, all four parasite species. Sliding window global alignment analysis determined the regions of the rRNA array that had the most consistent nucleotide differences between the closely related parasites in a 1 kb region of the array. For Paramarteilia, this region was a combined internal transcribed spacer 1-5.8S-internal transcribed spacer 2 alignment, and for Marteilia, it was the external transcribed spacer. Phylogenetic analysis of these regions were able to recover the respective species, demonstrating that these regions could be used for improved diagnostic PCR assays.





Discussion

Our method could be adapted to quickly generate sequence data and determine regions more suitable for diagnostic assays for a wide diversity of parasite groups. It also allows the generation of sequence data for regions of the rRNA not commonly studied (e.g. regions of the intergenic spacer), thus enabling research into their suitability as marker regions.
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1 Introduction

There is little consensus about appropriate criteria by which species are delimited across microeukaryotes, particularly parasitic protists. Traditionally, protist species have been described based on differences in morphology (observed by either light or electron microscopy), host specificity, and/or geographical location (Finlay, 2004). However, the rise of genetic research and the accessibility of sequencing has challenged the morphological species concept, with a larger number of differences identified in molecular sequence data than traditional phenotype-based techniques. A number of gene regions, including the variable regions of the ribosomal RNA (rRNA) array (small subunit (18S), large subunit (28S), internal transcribed spacer 1 (ITS1), internal transcribed spacer 2 (ITS2) and intergenic spacer (IGS)) and mitochondrial genes (most frequently Cytochrome oxidase 1 (CO1) and Cytochrome b (cytb)) have been used to discriminate between closely related species (Boenigk et al., 2012). Pawlowski et al. (2012) state that finding a single, universal DNA barcode for protists is virtually impossible due to their long and complex evolutionary histories, and very variable relative rates of genetic and phenotypic evolution. Additionally, some protist species completely lack commonly used discriminatory regions (i.e. mitochondrial genes) (Boenigk et al., 2012).

DNA approaches to species delimitation of different parasite groups have often been developed in isolation, resulting in the adoption of different genes (nuclear and mitochondrial) and gene regions as markers to discriminate between species within each group. For example, the Trichodina genus of ciliates, which includes species parasitic to aquatic hosts, are delimited based on variable regions of the 18S rRNA gene (Wang et al., 2022), whereas the Tetrahymena genus, also including species parasitic to aquatic hosts, are delimited based on the mitochondrial CO1 gene (Lynn and Strüder-Kypke, 2006). Other marker regions are commonly used for parasite groups: for example Haemosporida, an order of parasitic alveolates including malaria parasites, have been delimited based on differences in the cytb gene (Escalante et al., 1998), and species of parasitic dinoflagellates are delimited based on ITS1 of the ribosomal rRNA array (Small, 2012). The use of multilocus markers has aided the delimitation of many parasite species, including those from Apicomplexa (Bensch et al., 2004) and Microsporidia (Bacela-Spychalska et al., 2018), with some studies combining both nuclear and mitochondrial genes in phylogenetic analyses (Bensch et al., 2004). While providing better resolution, these regions are still relatively short (<500 bp) and may not capture additional variability in other regions of the gene.

As the variability of different regions of the rRNA array differs between groups of microeukaryotes, the present study aimed to amplify and sequence the full ribosomal rRNA (18S-ITS1-5.8S-ITS2-28S-IGS) from two sets of closely related species, using ascetosporean parasites as an example (Bass et al., 2019), to determine a method for reliably identifying regions of the rRNA array that could be used for phylogenetic analysis for species delimitation.

Some pathogens that cause significant losses in aquatic animal production of international concern are listed by the World Organisation for Animal Health (WOAH; previously OIE), including three ascetosporean parasites: B. ostreae, B. exitiosa and Marteilia refringens. As listed pathogens, their detection in a susceptible or novel host (WOAH, 2022) or reason to suspect the presence of a listed pathogen in an animal (e.g. detection in the environment that the susceptible host exists) (Regulation (EU) 2016/429) requires reporting to the competent authority. Following investigation, restrictions may be placed on the movement and trade of animals from the infected sites. Designation of geographic regions as positive for an WOAH-listed pathogen has significant trade implications, and so it is crucial that detection of the parasite, particularly by molecular biology techniques, is robust enough to be able to identify the species of concern and therefore sufficiently specific to discriminate between closely related species.

Marteilia cochillia was characterised in the cockle Cerastoderma edule from Alfacs Bay (Mediterranean coast of Spain) in 2013 (Carrasco et al., 2013) but has been associated with mass mortalities of C. edule since 2008 (Carrasco et al., 2011). M. cochillia has since been determined as the cause of collapse of the C. edule fishery in Ría de Arousa (NW Spain), where mortalities reached 100% in 2012 (Villalba et al., 2014). Histological analysis of infected cockles showed heavy presence of the parasite in the digestive gland, with all tubules within a histology section frequently infected (Villalba et al., 2014). In 2017, a novel Marteilia parasite was detected in Wales (UK) using M. cochillia-specific primers targeting the ITS1 region of rRNA (Skujina et al., 2022). Mortalities had been observed in the locations where this Marteilia had been detected, but were not to the extent seen in Spain, and could not be directly linked to infection with Marteilia. Histologically, infection with the Marteilia species in Wales was systemic, however there was no observation of the parasite within the digestive gland tubules typical of M. cochillia infection. Skujina et al. (2022) determined, based on sequencing larger regions of rRNA (18S, ITS1 and ITS2 and partial 28S rRNA), that ITS2 and partial 28S (~1250 bp) was able to phylogenetically discriminate between the two Marteilia species, whereas a previously published primer set designed to be specific to M. cochillia amplifying partial ITS1 (~300 bp) could not. Based on differences in ITS2 and 28S, geographical location, and differences in tissue tropism, the Marteilia detected in Wales was therefore described as a new species, Marteilia cocosarum Skujina et al. (2022).

The genus Paramarteilia (also Paramyxida) comprises two described species: Paramarteilia canceri and P. orchestiae (Feist et al., 2009; Ward et al., 2016). Until recently, the known host range of P. canceri was limited to the edible crab, Cancer pagurus, and was infrequently detected. However, (Collins et al., 2022) reported that the decline in landings of the adult velvet swimming crab (Necora puber) in Galway Bay, Ireland, was associated with high levels of infection by P. canceri, suggesting that this parasite may be of significance to fisheries. P. orchestiae has been shown to infect multiple amphipod species including Orchestia aestuarensis (Pickup and Ironside, 2018), O. gammarellus (Ginsburger-Vogel and Desportes, 1979; Ginsburger-Vogel, 1991) and Echinogammarus marinus (Short et al., 2012; Ward et al., 2016). Collins et al. (2022) showed that P. canceri and P. orchestiae cannot be reliably separated phylogenetically using 18S sequence data alone, and that the ITS1 region was more suitable to discriminate between these closely related parasites. Like M. cochillia and M. cocosarum, considering differences in host specificity and sequence data, P. canceri and P. orchestiae were considered to be distinct species. Having a reliable marker to be able to discriminate between these closely related parasites could be critical should P. canceri continue to pose a risk to crustacean fisheries.

These examples demonstrate the need for techniques targeting the most discriminative regions of the rRNA array to be able to robustly and unambiguously distinguish between closely related parasites. In this study we generated and sequenced long amplicons using Illumina and Oxford Nanopore Technologies (ONT) platforms, covering the entire rRNA array for M. cochillia, M. cocosarum, P. canceri, and P. orchestiae, to a) determine whether phylogenetic analysis of the complete array was able to fully separate these closely related parasites as discrete and holophyletic genetic lineages, and b) identify the most appropriate region(s) of the array to distinguish between them using shorter diagnostic amplicons. The broadly-targeted primers were able to amplify long rRNA array regions from other Ascetosporea/Endomyxa, which were used to generate the full array of Bonamia ostreae (Haplosporida), a notifiable parasite of oysters (Pichot et al., 1979), to serve as an outgroup in phylogenetic analyses.




2 Materials and methods



2.1 Sample collection

Cockles (C. edule) infected with Marteilia were collected from the Dyfi Estuary and Gann Flats (Wales, UK) in 2018 (Skujina et al., 2022), and from Ría de Arousa (Galica, Spain) in 2018 (Skujina et al., 2022). Orchestia spp. amphipods infected with P. orchestiae were collected from the Gann Estuary, Pembrokeshire in 2019 (Collins et al., 2022) and velvet swimming crabs (N. puber) infected with P. canceri were collected from Galway Bay in 2015 and 2016 (Collins et al., 2022). Flat oysters infected with B. ostreae were sourced from Mersea, Essex in 2018.




2.2 DNA extraction

A tissue cross-section from individual cockles from Wales infected with M. cocosarum (Skujina et al., 2022), digestive gland from cockles infected with M. cochillia (Skujina et al., 2022), gill tissue from velvet crabs infected with P. canceri (Collins et al., 2022) and whole amphipods infected with P. orchestiae (Collins et al., 2022) were fixed whole in 100% molecular grade ethanol. Tissue was homogenised in Lifton’s Buffer (Nishiguchi et al., 2002) or CTAB and extracted using a phenol:chloroform method (Winnepenninckx et al., 1993). DNA extractions were quantified using the Quantifluor® ONE dsDNA system (Promega, Wisconsin, USA) and quality checked on a TapeStation 4150 (Agilent Technologies, California, USA) using Genomic DNA ScreenTapes (Agilent Technologies).




2.3 Primer design

Multiple sequence alignment was carried out on a representative set of Cercozoa sequences using MAFFT (Katoh and Standley, 2013) using the E-INS-i algorithm. Conserved regions were identified by eye and primers were designed with degenerate bases to accommodate variation in sequence between lineages/species. The alignment is provided in the Supplementary Materials (alignment 1). Primer sequences used in the study are denoted in Table 1, and their location and direction of amplification in Figure 1.


Table 1 | Table outlining primer sequences, their position of the primer on the rRNA and the direction in which they amplify.






Figure 1 | Schematic representation of the ribosomal RNA (rRNA) array with approximate location of the primers used to amplify long regions of the array. (A) Primers used to amplify the first amplicon. (B) Primers used to amplify the second amplicon. Approximate amplicon sizes are given above each. 18S, Small subunit rRNA gene, ITS1, Internal Transcribed Spacer 1; ITS2, Internal Transcribed Spacer 2; 28S, Large subunit rRNA gene; NTS, Non-transcribed Spacer; ETS, External Transcribed Spacer.






2.4 PCR

All PCRs were carried out in 25 µl volumes comprising 1× PrimeSTAR GXL Buffer (Takara Bio, Shiga, Japan), 0.2 µM dNTP mixture (Takara Bio), 0.4 µM of each primer and 1.25 U PrimeSTAR GXL DNA polymerase (Takara Bio). Cycling conditions for all PCRs were carried out by initial denaturation at 95°C for 5 minutes, followed by 35 cycles of 95°C for 45 seconds, a variable annealing temperature (described below) for 45 seconds and 68°C for 150 seconds; and a final extension of 10 minutes at 68°C.

Marteilia amplicons covering partial ITS1, 5.8S, ITS2 and partial 28S were amplified using Mcoch-F (Villalba et al., 2014) and LSU8799degen with an annealing temperature of 64°C. Amplicons covering partial 28S, IGS, 18S and partial ITS1 were amplified using 7939F and McochR (Villalba et al., 2014) with an annealing temperature of 63°C.

P. orchestiae amplicons covering partial 18S, ITS1, 5.8S, ITS2 and partial 28S were amplified using PMart_18S_For (Collins et al., 2022) and LSU8799degen with an annealing temperature of 65°C, and P. canceri amplicons covering the same region were amplified using PMart_18S_For (Collins et al., 2022) and s20cAS with an annealing temperature of 60°C. Amplicons for both Paramarteilia species covering partial 28S, IGS, 18S, ITS1 and partial 5.8S were amplified using PMart28SF and PMart_58S_Rev (Collins et al., 2022) with an annealing temperature of 57°C.

B. ostreae amplicons covering partial ITS1, 5.8S, ITS2 and partial 28S were amplified using Bon1202F and LSU8799degen with an annealing temperature of 60°C. Amplicons covering partial 28S, IGS and partial 18S were amplified using 8061F and BonR with an annealing temperature of 66°C.




2.5 Sequencing

Amplicons were cleaned using ProNex size-selective purification system (Promega) following the manufacturer’s protocol using a 1× bead volume. Amplicons were prepared for sequencing on an Illumina Miseq (Illumina, California, U.S.A.) using a Nextera XT DNA Library Preparation Kit (Illumina), following the manufacturer’s protocol, but using half volume reactions. Pooled and barcoded libraries (10 pM loading concentration) were paired-end sequenced on v2 Nano flow cells (500-cycle) (Illumina) on an Illumina MiSeq (2 x 250 bp).

Amplicons were prepared for Nanopore sequencing using the PCR Barcoding Kit (Oxford Nanopore Technologies, Oxford, UK) and sequenced on Flongle Flow Cells (12 samples per flow cell, 16 hours sequencing time) (Oxford Nanopore Technologies) using a MinIon Mk1C device (Oxford Nanopore Technologies). Basecalling was completed in real-time on the Mk1C device using Guppy v5.0.11 (Oxford Nanopore Technologies).

The raw data generated from Illumina and Nanopore sequencing were deposited to GenBank under BioProject ID PRJNA1013585.




2.6 Bioinformatic analysis of sequence data

For amplicons sequenced using Illumina MiSeq, raw paired-end sequence reads were trimmed to remove adaptor and low-quality sequences using Trimmomatic v0.39 (using a sliding window of 4, minimum quality of 15, leading and trailing values of 3, and a minimum length of 50 bases; Bolger et al. (2014)). The quality of trimmed and filtered reads was assessed using FastQC v0.11.8 (default parameters; https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) prior to assembly using SPAdes v3.13.1 [in –meta mode, using kmer sizes of 21, 33, 55, 77, 88 and 127; Prjibelski et al. (2020)].

Nanopore-generated raw reads were trimmed, corrected, and a consensus generated using Canu v2.1 [default parameters with a genome size of 0.0050m for 18-28S amplicons and 0.0065m for 28-18S amplicons; Koren et al. (2017)]. Trimmed and filtered Illumina paired reads were concatenated using a python script (https://github.com/isovic/racon/blob/master/scripts/racon_preprocess.py) and mapped to the consensus nanopore contig using minimap2 v2.17-r941 [using -x sr; Li (2018)]. Using the mapped reads, the nanopore-generated contig was polished once using racon v1.4.13 [with default parameters; Vaser et al. (2017)].

Paired reads from each sample were mapped to their respective consensus sequence using BWA-MEM v0.7.17 (Li and Durbin, 2009) and SAMtools v1.9 (Li et al., 2009) with default parameters. The output from BWA-MEM was visualised with Integrative Genomics Viewer (IGV) v2.5.2 (Robinson et al., 2011). Coverage and assembly quality and accuracy was assessed using QualiMap v2.2.2 (García-Alcalde et al., 2012).

For analysis of the structure of the IGS, Bonamia transcriptome reads [accession number PRJNA731671; Chevignon et al. (2022)] were mapped as above to the full Bonamia rRNA generated in this study. Coverage at each nucleotide position was determined using SAMtools v1.9 (Li et al., 2009) and graphed using R Studio v1.4.1717. Direct tandem repeat regions of the IGS were determined using RepEx (Gurusaran et al., 2013), using a minimum repeat unit size of 11 nucleotides.




2.7 Multiple sequence alignment and analysis

The two overlapping consensus sequences from each sample were aligned using MAFFT v7.0 [L-INS-i algorithm; Katoh and Standley (2013)] and the resulting alignments were viewed in AliView v1.26 (Larsson, 2014). Full rRNA arrays were generated by manual concatenation of the two aligned overlapping contigs and were orientated so that the start of the 18S was at the 3’ end of the alignment. The resulting alignment is provided in the Supplementary Materials (alignment 2). All further multiple sequence alignments (MSAs) were carried out using MAFFT v7.0 E-INS-i algorithm (Katoh and Standley, 2013).

To determine conserved and variable regions of the rRNA array global alignment scores were calculated for 1 kb sliding windows covering the entirety of Marteilia and Paramarteilia transcribed rRNA MSAs (Supplementary Alignment 3). A 1 kb window was chosen to enable the identification of potential sites that could be used as diagnostic markers using traditional PCR and Sanger sequencing. Sliding windows were generated using sliding_windows (using a window size of 1000, a slide size of 1, and removing the deletion of gaps (-) produced by alignment; https://github.com/kdillmcfarland/sliding_windows). Global alignment scores were calculated using MstatX (using -g and a threshold of 1; https://github.com/gcollet/MstatX).




2.8 Phylogenetic analysis

A Bayesian consensus tree was constructed from full rRNA array alignments using MrBayes v3.2.7 (Ronquist et al., 2012) on the CIPRES Science Gateway (Miller et al., 2010). The tree was constructed using two separate MC3 runs, carried out for two million generations using one cold and three hot chains. The first 500,000 generations were discarded as burn-in, and trees were sampled every 1000 generations. Bayesian consensus trees for the defined gene and spacer regions [18S, ITS1, 5.8S, ITS2, 28S and external transcribed spacer (ETS)], and the most variable regions of the rRNA array identified by sliding window global alignment, were generated from alignments in the same manner as above. Alignments for all regions of the rRNA are provided in Supplementary Alignments 4–9, and for the most variable regions of the rRNA array (Supplementary Alignments 10, 11).





3 Results



3.1 Sequencing and assembly

The full parasite-derived rRNA arrays are deposited on GenBank with the accession numbers denoted in Table 2. All arrays are orientated to begin at the start of the 18S.


Table 2 | Assembly statistics for ITS1-5.8-ITS2-28S Marteilia amplicons and 18S-ITS1-5.8-ITS2-28S Paramarteilia amplicons.





3.1.1 Illumina

In all cases, SPAdes assembly of ITS1-18S-IGS-28S Marteilia amplicons and 18S-ITS1-5.8-ITS2-28S Paramarteilia amplicons produced consensus sequences of the expected size: 4,453-4,454 bp for M. cochillia, 4,453 bp for M. cocosarum, 4,340 bp for P. canceri, and 4,342 bp P. orchestiae (Table 2).

For Marteilia amplicons covering 28S-IGS-18S-ITS1, SPAdes typically assembled a shorter consensus sequence containing the 5’ amplification primer (1,464 bp to 1,726 bp for M. cochillia, and 1,714 to 2,814 bp for M. cocosarum), and a longer consensus sequence containing the 3’ amplification primer (3,627 bp to 4,717 bp for M. cochillia, and 3,568 bp to 4,690 bp for M. cocosarum). For two M. cocosarum samples, SPAdes assembled the reads as a single 6,264 bp consensus sequence (Table 2).

For Paramarteilia amplicons covering 18S-ITS1-5.8-ITS2-28S, SPAdes also typically assembled a shorter consensus sequence containing the 5’ amplification primer (1,069 bp to 2,293 bp for P. canceri, and 2,294 bp to 2,692 bp for P. orchestiae). For one P. canceri sample (s-2-15-39), SPAdes assembled two short consensus sequences containing the 5’ and 3’ amplification primers, and a longer 5,210 bp consensus sequence with high BLAST similarity to the target parasite rRNA. For one P. canceri and one P. orchestiae sample, SPAdes assembled the reads as single 5,924 bp and 5,179 bp consensus sequences, respectively.




3.1.2 Nanopore

For both Marteilia and Paramarteilia, nanopore consensus contigs covering ITS1-5.8-ITS2-28S and 18S-ITS1-5.8-ITS2-28S, respectively, were very similar in identity to consensus contigs assembled using SPAdes (99.26-100% identity) but had errors in homopolymer regions. Polishing the Nanopore consensus contigs with Illumina reads resulted in a consensus sequence that had 100% identity to that of the consensus sequence generated with only Illumina reads (Table 2).

Polishing Marteilia Nanopore consensus reads covering 28S-IGS-18S-ITS1 with Illumina reads revealed a repeat region c. 220 bp into the IGS, between the two contigs that were assembled from Illumina reads. Analysing the tandem repeat content using RepEx revealed a ~1,024 bp region at the 5’ end of the Marteilia IGS with high repeat content, represented in Figure 2 by hatched lines. The largest tandem repeat unit in M. cocosarum was a 114 bp unit at the 5’ end of the IGS present at ungapped positions 7,345-7,458, 7,460-7,573, 7,575-7,688 of the DF91 rRNA array. In M. cochillia, the largest repeat unit was 53 bp, present at positions 7,302-7,355 and 7,393-7,446 of the SP22054 ungapped rRNA array. To determine whether the length of the repeat region varied within an infection, all Nanopore reads from individual samples were aligned and trimmed manually to only contain the IGS region of the array. Tandem repeats caused a variation in the length of the IGS from approximately 2,218 to 3,726 bp for M. cochillia and 2,020 to 3,816 bp for M. cocosarum. Variation in length for each sample is detailed in Table 3.




Figure 2 | Schematic illustration (to scale) of the full rRNA arrays for (A) Marteilia cochillia and M. cocosarum, and (B) Paramarteilia canceri and P. orchestiae. Vertical black lines indicate consistent differences between all samples for each species. The current region amplified by primers to detect and discriminate between species is indicated by a red line. The most variable 1 kb region between species is indicated by a dark green line, and the second most variable 1 kb region is indicated by a dark blue line. Tandem repeat regions in the NTS are indicated by blue diagonal stripes.




Table 3 | Assembly statistics for 28S-IGS-18S-ITS1 Marteilia amplicons and 28S-IGS-18S-ITS1-5.8S Paramarteilia amplicons.



Polishing Paramarteilia nanopore consensus reads covering 28S-IGS-18S-ITS1-5.8S with Illumina reads also revealed a repeat region starting approximately 60 bp into the IGS. Analysing the repeat content of the IGS revealed the largest repeat unit to be a 122 bp unit (e.g. positions 8,150-8,271, 8,324-8,445, 8,497-8,618, 8,671-8,792, 8,845-8,966 and 9,019-9,140 of the s-1-16-30 rRNA array). Tandem repeats caused a variation in the length of the IGS from approximately 2,799 to 3,817 bp for P. canceri and 2,932 to 4,279 bp for P. orchestiae.





3.2 Assessment of amplification specificity

To assess the specificity of the amplification primers, trimmed and filtered Illumina reads were mapped to the polished consensus sequences. For all Marteilia amplicons, the number of mapped reads was high (>80%), with an average of 97.86% and 97.32% for ITS1-5.8-ITS2-28S amplicons and 28S-IGS-18S-ITS1 amplicons, respectively (Tables 2, 3). For Paramarteilia amplicons, mapping was high for the majority amplicons covering 18S-ITS1-5.8-ITS2-28S, with an average of 81.20% (Table 2), however, two samples had mapping <40% (Table 2), with many contigs assembled by SPAdes having similarity to bacterial species by BLAST. For Paramarteilia amplicons covering 18S-ITS1-5.8-ITS2-28S, mapping was lower, with an average of 28.21%. The majority of BLAST hits from contigs assembled by SPAdes had high similarity to crustacean species.




3.3 Analysis of intergenic spacer structure

To determine the location of the non-transcribed spacer (NTS) and external transcribed spacer (ETS) regions of the B. ostreae rRNA array, transcriptome reads from purified B. ostreae parasites [Accession number PRJNA731671; Chevignon et al. (2022)] were aligned against the full B. ostreae rRNA array generated in this study and the coverage across the array was determined (Figure 3). A 2,856 bp region, starting at the end of the 28S had no coverage with transcriptome reads, suggesting that this is the NTS region of the IGS. Transcription appears to resume 866 bp prior to the start of the 18S, suggesting that this region is the ETS.




Figure 3 | Read coverage of Bonamia ostreae transcriptome reads [Accession number PRJNA731671; Chevignon et al. (2022)] across the full rRNA array. 18S, Small subunit rRNA gene; ITS1, Internal Transcribed Spacer 1; 5.8S, 5.8S subunit rRNA gene; ITS2, Internal Transcribed Spacer 2; 28S, Large subunit rRNA gene; NTS, Non-transcribed spacer; ETS, External Transcribed Spacer; IGS, Intergenic Spacer.



Alignment of the ETS of B. ostreae to Marteilia and Paramarteilia alignments suggested that the ETS of M. cochillia, M. cocosarum, P. canceri and P. orchestiae begins 1,191, 1,191, 1,008 and 1,009 bp prior to the start of the 18S, respectively. The proposed NTS region of the IGS contained tandem repeats, whereas the proposed ETS region did not.




3.4 Multiple sequence alignment

Full rRNA arrays for seven independent samples of each P. canceri and P. orchestiae (10,602 bp), and five independent samples of each M. cochillia and M. cocosarum (10,132 bp) were aligned to determine the number of consistently different nucleotide positions between the two species from each genus (Table 4). Both species of Paramarteilia and Marteilia showed high sequence similarity in the 18S, 5.8S and 28S. However, both Paramarteilia and Marteilia species had multiple nucleotide differences that distinguished between species at the 5’ end of the 28S (illustrated in Figure 2). Spacer regions (ITS1, ITS2 and ETS) had greater sequence variation between species. Percentage similarity between P. canceri and P. orchestiae ITS1, ITS2 and ETS was 97.40%, 97.61% and 97.81%, respectively; and percentage similarity between M. cochillia and M. cocosarum ITS1, ITS2 and ETS was 99.12%, 98.85% and 99.03%, respectively (Table 4).


Table 4 | Table outlining the nucleotide difference and percentage similarity per region of the rRNA array between Paramarteilia canceri and P. orchestiae, and Marteilia cochillia and M. cocosarum.



To identify potential sites that could be used as diagnostic markers using traditional PCR and Sanger sequencing, a 1 kb sliding window global alignment analysis was carried out. This confirmed that the NTS region of the IGS was the most variable region for both Paramarteilia and Marteilia, but due to varying numbers of tandem repeats within this region it was excluded from comparative analyses as it would not be a suitable region for diagnostic markers. Within the ETS-18S-ITS1-5.8S-ITS2-28S region of the rRNA arrays, global alignment scores showed that a 1 kb region covering the 5’ end of the ETS were the most variable region of the rRNA array between the two Marteilia species (13 consistent nucleotide differences; 98.7% similarity), followed by ITS2 and 5’ end of 28S (12 consistent nucleotide differences; 98.8% similarity). For the two Paramarteilia species ITS1-5.8S-ITS2 was the most variable region of the rRNA array (23 consistent nucleotide differences; 97.7% similarity), followed by the ETS (22 nucleotide differences; 97.8% similarity). The regions with the most consistent nucleotide differences in a 1 kb region are represented by dark green and dark blue horizonal lines in Figure 2.




3.5 Phylogenetic analysis

A Bayesian consensus tree based on the transcribed region (ETS-18S-ITS1-5.8S-ITS2-28S) of rRNA arrays of P. canceri, P. orchestiae, M. cochillia, M. cocosarum and B. ostreae sequenced in this study formed separate, mutually exclusive, maximally supported (posterior probably = 1), monophyletic clades for all species (Figure 4). P. canceri formed a sister clade to P. orchestiae, and M. cochillia formed a sister clade to M. cocosarum.




Figure 4 | Bayesian consensus tree based on transcribed regions (ETS-18S-ITS1-5.8S-ITS2-28S) of rRNA arrays (8,868 nucleotide positions) of Paramarteilia orchestiae, P. canceri, Marteilia cochillia and M. cocosarum. Posterior probabilities ≥0.99 are represented by black circles on branches. The tree is rooted to the transcribed regions of the Bonamia ostreae rRNA array.



Bayesian consensus trees based on the individual gene and spacer regions of the rRNA array (Figure 5) only produced mutually exclusive, monophyletic clades for both Paramarteilia and Marteilia species when the ETS region was analysed (Figure 5F). Bayesian analysis of full 18S produced mutually exclusive, monophyletic clades for P. canceri and P. orchestiae (Figure 5A), despite this region of the rRNA having high similarity between the two species (3 consistent nucleotide differences over 1,838 bp; Table 4). Bayesian analysis of this region for the two Marteilia species produced a topology where M. cochillia was paraphyletic with respect to M. cocosarum. The two Paramarteilia species also formed mutually exclusive, monophyletic clades with maximal support for the 28S region of the rRNA array, but for Marteilia, M. cocosarum was paraphyletic with respect to M. cochillia (Figure 5E). For the remaining regions (ITS1, 5.8S and ITS2; Figures 5B-D), the two genera (Marteilia and Paramarteilia) formed monophyletic clades with maximal support, but within these clades the species were paraphyletic. The number of nucleotide positions and the number of consistently different positions for each region is outlined in Table 4.




Figure 5 | Bayesian consensus trees based on the discrete genes and spacer regions of the rRNA array of Paramarteilia orchestiae, P. canceri, Marteilia cochillia and M. cocosarum. Branch labels denote posterior probabilities to two significant figures, with posterior probabilities ≥0.97 represented by black circles. All trees were rooted to the relevant rRNA array regions of Bonamia ostreae. (A) 18S (1,893 nucleotide positions) (B) Internal transcribed spacer 1 (698 nucleotide positions) (C) 5.8S (142 nucleotide positions) (D) Internal transcribed spacer 2 (832 nucleotide positions) (E) 28S (3,729 nucleotide positions) (F) External transcribed spacer (1,587 nucleotide positions).



Bayesian consensus trees were constructed from alignments of the most variable regions within the transcribed region of the rRNA array, identified by 1 kb sliding window global alignment. A tree constructed based on the ETS (Figure 5F), the region of the rRNA array with the most consistent nucleotide differences between the two Marteilia species, and the second most differences between the two Paramarteilia species, produced mutually exclusive, monophyletic clades for all species. A tree constructed from ITS1-5.8S-ITS2 (Figure 6A), the region of the rRNA array with the most constituent nucleotide differences between the two Paramarteilia species produced mutually exclusive, monophyletic clades for both Paramarteilia species, but M. cochillia was paraphyletic with respect to M. cocosarum. Constructing a tree based on ITS2 and partial 28S (Figure 6B), the second most variable region of the rRNA array between the two Marteilia species, produced mutually exclusive, monophyletic clades for both Marteilia and both Paramarteilia species.




Figure 6 | Bayesian consensus trees based on the most variable 1 kb regions of the rRNA array between Paramarteilia orchestiae and P. canceri, and the second most variable 1 kb region between Marteilia cochillia and M. cocosarum. Branch labels denote posterior probabilities to two significant figures, with posterior probabilities ≥0.97 represented by black circles. All trees are rooted to Bonamia ostreae. (A) ITS1-5.8S-ITS2 (relative to 1,839-2,838 bp of sample Amphipod 2.04 [accession number ON320511)] (B) ITS2 and partial 28S (relative to 2,656-3,655 bp of sample SP22054 [accession number ON320525)].







4 Discussion

In this study we produce full rRNA arrays from seven independent samples each of P. canceri and P. orchestiae, five of each M. cochillia and M. cocosarum, and one B. ostreae. We describe how full arrays can be generated by combined Illumina and Nanopore sequencing of two overlapping amplicons (c. 4.5 kb and 6.5 kb) produced by long-range PCR. A Bayesian phylogeny generated from an alignment of the transcribed regions of the rRNA array produced mutually exclusive monophyletic clades for each species of Paramarteilia and Marteilia, with maximal support for all branches. Analysis of multiple sequence alignments of the full arrays was able to identify regions of rRNA that could be used to better discriminate between the two species in each genus. These regions could be amplified in addition to – or instead of – the previously recognised discriminatory regions, which target regions with fewer discriminating nucleotide positions, to robustly differentiate between the closely related, but genetically and phenotypically distinct, species.

Current primers used to generate an amplicon to discriminate between Paramarteilia species are located in the 18S and the 5.8S, amplifying a 649 bp region covering partial 18S, ITS1 and partial 5.8S – a region with 12 consistent nucleotide differences between P. canceri and P. orchestiae. A phylogenetic tree generated from this region produced mutually exclusive monophyletic clades, with high support for the P. canceri clade but lower support for the P. orchestiae clade (Collins et al., 2022). In this study, we show that a 1 kb region covering ITS1-5.8S-ITS2 is the most variable region of the transcribed region of the rRNA array (23 consistent nucleotide differences), with phylogenetic analysis of this region able to recover the two species. Here, we also generate data for the ETS region of the rRNA, for which no data for Paramarteilia previously existed. The ETS region was the second most variable 1 kb region between the two Paramarteilia species, with 22 consistent nucleotide differences, and could also be used as a suitable region for diagnostic PCR amplification, either on its own, or in combination with ITS1-5.8S-ITS2.

Similarly, primers located in 5.8S and 28S amplify 1,256 bp of ITS2 and partial 28S are currently used to distinguish between M. cochillia and M. cocosarum (Skujina et al., 2022), who showed that ITS2 contained the most consistent nucleotide differences between the two species within the 18S-ITS2 region of the rRNA array. A phylogenetic tree generated from this region produced mutually exclusive monophyletic clades with full support for each species. However, Skujina et al. (2022) acknowledge that as a diagnostic marker, this region is flawed due to a indel within ITS2 of M. cocosarum, resulting in the need to clone amplicons to determine species. Here, we are able to assess the full rRNA array to determine which regions are the most suitable for the placement of primers to be able to robustly discriminate between the two species. We demonstrate that the 5’ end of ETS is the region of the rRNA with the most consistent nucleotide differences between M. cochillia and M. cocosarum (13 consistent nucleotide differences), with phylogenetic analysis of this region able to recover the two species. From the limited dataset analysed in this study, the ETS does not contain any indels within species, so may be a more suitable location of the rRNA array to amplify for diagnostics of these two species.

In other parasite groups, regions of the rRNA outside of 18S and ITS1 have been shown to be useful diagnostic markers to discriminate between closely related species. Regions of the ITS1-5.8-ITS2, combined with the variable region at the 5’ end of the 28S, have been shown to be useful as a marker for species discrimination in astome ciliates (Obert and Vďačný, 2020). Combined phylogenetic analysis of ITS1-5.8S-ITS2 regions of rRNA and the variable region of the 28S, ITS1-5.8S-ITS2 and a region of the IGS, and ITS1-5.8S-ITS2 and the actin gene have been used for discrimination between Perkinsus species (Villalba et al., 2004; Moss et al., 2008; Kang et al., 2016). Concatenated gene analysis (ITS regions and large subunit gene, as well as traditional methods of sequencing small subunit) has also been utilised to discriminate between closely related Microsporidia species (Bojko et al., 2022). As evident in these examples, a single marker may not be suitable for delimitating species, particularly in taxa where there appears to be a lot of variability in rates of rRNA evolution. We suggest that an approach to sequence the full rRNA could potentially quickly identify regions of rRNA that are suitable discriminating markers for groups of organisms.

Analysis of the full rRNA arrays in this study found that the ITS2 was one of the most variable regions in array. The ITS2 region of rRNA has been found to be a more reliable proxy for discriminating between cryptic, closely related Amoebophrya, a genus of parasitic syndinian (dinoflagellate) protists, than phenotypic characteristics (Cai et al., 2020). More generally, the ITS2 region has been recognised as a widely suitable region for (biological) species discrimination, in particular focusing on certain compensatory base changes in stems of the RNA secondary structure (Coleman, 2007; Cai et al., 2020; Obert and Vďačný, 2020). The method described in this study would allow rapid generation of full rRNA arrays, including the ITS2. This sequence data would allow the application of analysis of secondary structure, both in ITS2 and other regions of the rRNA array known to have functional secondary structure (i.e. ITS1 and ETS), to determine how these relate to discrimination of closely related species.

This study produces the first sequence data for the non-transcribed spacer (NTS) of the IGS in ascetosporean parasites. Previous metagenomic studies of hosts infected with ascetosporean parasites have been able to assemble regions of the rRNA outside of the NTS (e.g. Kerr et al. (2018)), but due to its repeating characteristics, would not have been able to assemble the NTS with short-read sequencing alone. In this study, we describe the variability in the number of tandem repeats within an infection in a single host, and therefore suggest that the NTS region of the IGS is not a suitable target for diagnostic primers. On the contrary, the external transcribed spacer (ETS) appears to be a suitable marker for discriminating between P. canceri and P. orchestiae and M. cochillia and M. cocosarum. The ETS region was identified by mapping transcriptomic reads produced in Chevignon et al. (2022) to the full B. ostreae rRNA array produced in this study. Subsequent alignment of the B. ostreae ETS region to Paramarteilia and Marteilia rRNA arrays identified the ETS in these genera. Partial ETS (358 bp) has been used to differentiate between M. refringens and M. pararefringens with some success (López-Flores et al., 2004; Kerr et al., 2018). As more sequence data becomes available, assessment of the ETS to be used as a molecular marker of evolution for a wider range of parasitic protists can be investigated.

As most primers to detect specific ascetosporean parasites are located in the 18S and ITS1, the majority of sequence data publicly available for these species is limited to these regions. It is unknown whether the regions shown to be most variable between closely related species in this study are as informative for other ascetosporean taxa, or protistan parasites more generally, as there are very few published sequences. Due to the limited data available for ascetosporean parasites outside of the regions routinely sequenced, designing specific primers outside of these regions is difficult. The reverse primers designed in this study to amplify the two overlapping long amplicons were based on the small number of sequences representing a broad phylogenetic range of ascetosporean sequences. High levels of primer degeneracy are often required when attempting to amplify an unknown lineage, or range of lineages, particularly in the parasitic protists in this study, where the 28S sequence is largely unknown. However, the more broadly-targeted primers we designed in the study (LSU8799degen, s20cAS, 7939F and 8061F) could be used to amplify at least some paramyxid, haplosporid, paradinid, and mikrocytid lineages (data not shown): highly divergent taxa whose interrelationships are currently unresolved due to the large genetic distances between them.

Identification of the variable regions of rRNA that can distinguish between closely-related species within groups of microeukaryotes (such as the ETS in this study) may enable group-specific metabarcoding studies to be performed at higher resolutions. Currently, metabarcoding approaches typically target the V4 and V9 variable regions of the 18S (Choi and Park, 2020). Within the V4 region, there are no differences within the two sets of closely related species in this study, and within the V9 region there is one nucleotide difference between P. orchestiae and P. canceri, and no differences between M. cochillia and M. cocosarum. Use of more variable regions of groups of microeukaryotes for metabarcoding has been successfully used for oomycetes, with recovery of larger numbers of operational taxonomic units (OTUs) than metabarcoding with other, less variable, regions (Riit et al., 2016). Application of metabarcoding approaches using more informative regions of the rRNA array could potentially allow the diversity of groups of microeukaryotes to be discovered within different hosts and environments, which cannot currently be observed with commonly used metabarcoding markers.

We show that long-range PCR followed by Illumina and Nanopore sequencing is an efficient method for generating full rRNA sequences. We also show that, for the parasites sequenced in this study, Nanopore sequencing is not needed to produce accurate 18-28S data. However, both Illumina and Nanopore sequencing are needed to produce accurate 28-18S data due to tandem repeats in the NTS region of the IGS. If NTS is not required, and if sequence data exist to design primers, Illumina sequencing alone may be able to be used to sequence ETS-28S. With sufficient long-range sequence reference datasets, informative regions of the rRNA for groups of parasites can be identified, primers can be designed to target these regions, and amplicons can be sequenced using cheaper, Sanger sequencing technology. As NGS is expensive in comparison to traditional Sanger sequencing techniques, and obtaining amplicons by long-range PCR relies on well-fixed and well-extracted DNA high molecular weight DNA, for many existing samples, especially those longer-term archived, long-range PCR will not be possible due to the quality of DNA. Thus, long-read PCR on a few reference samples could inform regions to amplify and sequence by Sanger-based techniques from a larger number of samples.




5 Conclusion

Sequencing of long amplicons covering the full rRNA array, as exemplified in this study, can quickly gather a large amount of informative molecular data for high resolution taxonomic discrimination. This technique could potentially be easily applied to other eukaryotic parasites, particularly those for which there are ample 18S and 28S sequence data from which specific primers could be easily designed. Sequence data covering all informative regions of the rRNA array will add valuable information to databases, enabling increased phylogenetic and taxonomic resolution to potentially reveal cryptic species, resolve taxonomic ambiguities, and enable informed decisions on the placement of diagnostic primers to amplify discriminating regions.
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